We introduce an ultrasensitive label-free detection technique based on asymmetric Fano resonances in plasmonic nanoholes with far reaching implications for point-of-care diagnostics. By exploiting extraordinary light transmission phenomena through high-quality factor (Q solution ∼ 200) subradiant dark modes, we experimentally demonstrate record high figures of merits (FOMs as high as 162) for intrinsic detection limits surpassing that of the gold standard prism coupled surface-plasmon sensors (Kretschmann configuration). Our experimental record high sensitivities are attributed to the nearly complete suppression of the radiative losses that are made possible by the high structural quality of the fabricated devices as well as the subradiant nature of the resonances. Steep dispersion of the plasmonic Fano resonance profiles in high-quality plasmonic sensors exhibit dramatic light intensity changes to the slightest perturbations within their local environment. As a spectacular demonstration of the extraordinary sensitivity and the quality of the fabricated biosensors, we show direct detection of a single monolayer of biomolecules with naked eye using these Fano resonances and the associated Wood's anomalies. To fabricate high optical-quality sensors, we introduce a high-throughput lift-off free evaporation fabrication technique with extremely uniform and precisely controlled nanofeatures over large areas, leading to resonance line-widths comparable to that of the ideally uniform structures as confirmed by our time-domain simulations. The demonstrated label-free sensing platform offers unique opportunities for point-of-care diagnostics in resource poor settings by eliminating the need for fluorescent labeling and optical detection instrumentation (camera, spectrometer, etc.) as well as mechanical and light isolation.
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surface plasmonics | subradiant dark resonances | biosensing | label free | global health S urface plasmonics, the science and engineering of electromagnetic waves trapped at the metal/dielectric interfaces, has opened up a new realm of possibilities for a broad range of applications ranging from biosensing to photovoltaics (1) (2) (3) (4) (5) . Within the last decade, functional components of unparalleled optical devices creating, manipulating and concentrating light at metal surfaces below the diffraction limit are shown (2, 6) . Engineering of these functionalities have led to the demonstration of revolutionary concepts such as superlensing (7) and optical cloaking (8) , as well as groundbreaking observations in nonlinear photonics (9) and all-optical manipulation (10) . By concentrating electromagnetic fields thousands of times smaller than the diffraction limited volume of light, extremely strong light-matter interactions leading to orders of magnitude enhanced second harmonic generation (9), fluorescence (11), surface enhanced Raman scattering (12) , and surface enhanced infrared absorption spectroscopy (13) (14) (15) (16) are shown. Developments within the last decade seem to hint at a bright future for plasmonic devices.
In general, it is desirable to have high-quality factor plasmonic resonances and enhanced near-fields for stronger light-matter interactions. In practice though, both the radiative and nonradiative (ohmic) losses exist in nanoplasmonic devices and can severely shorten the life-times of the plasmonic excitations. Advantages of plasmonic effects deteriorate with increasing losses in many applications. For example, in biosensing applications based on effective refractive index modulation, the detection limits strongly depend on both the refractive index sensitivity of the plasmonic resonances as well as the resonance line-widths (17) . Narrower line-widths allow smaller resonance shifts (analyte concentrations) to be detected. In applications critically depended on light intensities, losses may limit the near-field enhancements. Hence, the realization of practical plasmonic devices strongly depends on our ability to control these decay channels. Nonradiative Drude (ohmic) damping processes are intrinsic to the metals. Radiative losses, on the other hand, can be effectively controlled (14, 18) .
Surface roughness can cause stronger plasmon coupling to the continuum (scattering losses) leading to shorter plasmon propagation lengths and spectrally broader resonances. High-quality fabrication methods can help minimizing contributions of these radiative decay channels (19) . Further enhancements of plasmonic lifetimes leading to narrower resonance line-widths can be achieved by engineering of light coupling mechanisms using collective excitations and tailored designs (14, 18) . Subradiant dark modes are particularly promising for creation of high-quality factor plasmonic resonances due to their zero net-dipole moment character forbidding direct light coupling to the continuum. Another fundamental physical phenomenon, Fano resonance, with its asymmetric line shape and strongly dispersive character enables strong line-width narrowings (20) . Plasmonic Fano resonances have been extensively studied in nanoparticle and metamaterial systems by coupling broad line-width superradiant and narrow line-width subradiant modes (4, (21) (22) (23) . However, there are very limited studies on Fano resonances created through direct coupling of the dipolar incident light to subradiant dark modes (24) .
In this letter, we experimentally demonstrate that strongly dispersive Fano phenomenon combined with subradiant dark modes can be exploited for ultrasensitive label-free biosensing. Our approach is based on direct coupling of incident-light to multipolar subradiant modes through retardation effects in plasmonic nanohole devices. By creating a distinct light coupling scheme allowing high numerical aperture (NA) imaging, we demonstrate extraordinary light transmission (EOT) resonances with remarkably narrow line-widths (approximately 4.29 nm) that are solely limited by the nonradiative Drude damping processes. By utiliz- ing such spectrally sharp extraordinary light transmissions, we show label-free biosensing with record high experimental figures of merit (FOMs as high as 162) for detection limits surpassing that of the gold standard prism coupled surface-plasmon sensors (25, 26) . Extremely sharp plasmonic Fano resonances in highquality plasmonic sensors also present dramatic intensity changes to slightest perturbations within their local environment. This intensity difference can be easily distinguished without using any optical detection instrument (camera and spectrometer, for example). By exploiting these Fano resonances and the associated high contrast ratios of the on-resonance to the off-resonance transmissions (Wood's anomaly), we demonstrate direct detection of a single monolayer of antibodies with naked eye. Such sharp resonances could open door to a new generation of ultraportable and ultrasensitive plasmonic biosensors for detection of biologically important molecules and pathogens (27, 28) . A crucial prerequisite for the record high sensitivities is the suppression of the scattering losses caused by surface roughness and in-homogeneities. To achieve this, we introduce an exceptional lift-off free evaporation (LIFE) lithography technique for highthroughput fabrication of plasmonic devices with extremely uniform and precisely controlled nano-features over large areas.
Results and Discussion LIFE Nanolithography. Technique is summarized in Fig. 1 for the alternative schemes based on electron-beam lithography (EBL) and interferometric (IL) lithography, respectively. This technique eliminates the need for any ion milling and lift-off processes and allows fabrication of high optical-quality plasmonic devices (29) . The EBL-based scheme (Fig. 1A) consists of three consecutive steps: (i) fabrication of the free standing membrane, (ii) patterning on the membrane with EBL and reactive ion etching, and (iii) direct deposition of metallic plasmonic devices (SI Text). Unlike, previous studies based on EBL, our fabrication method does not involve any lift-off processes, and uses well-established positive electron-beam resists. Interferometric lithography can be conveniently adapted for massively parallel fabrication of plasmonic devices over large areas. The IL-based scheme (Fig. 1B) consists of four consecutive steps: (i) spin coating of antireflection and photoresist layers, and wafer-scale patterning of plasmonic devices, (ii) side deposition of a metallic mask layer, and reactive ion etching of the SiN x layer, (iii) fabrication of the free standing nanostructures using wet and reactive ion processes, and (iv) direct deposition of the metal layer (SI Text).
Experimentally measured resonance line-widths are a sound measure of the life-times of the plasmonic excitations that is controlled by the strength of the radiative and nonradiative (ohmic) decay channels. For a perfectly uniform device with no structural in-homogeneity or surface roughness, the radiative decay processes are expected to be minimized (19) . Fig. 2A shows the calculated (dashed line) and experimentally measured (solid line) transmission spectra of an e-beam fabricated device (with a periodicity of 600 nm and a nanohole aperture with d ¼ 200 nm). Here, the Drude model parameters are obtained from previous experimental studies (30) . Spectrally narrow plasmonic resonances (as narrow as Δλ ¼ 4.3 nm) with Q-factors (as high as Q air ¼ 195) are demonstrated in our measurements. Close agreement of the experimental measured spectra with that of the finite difference time domain (FDTD) simulations demonstrates that our fabrication scheme enables fabrication of highly uniform structures with minimal surface roughness leading to resonance line-widths comparable to ideally uniform structures.
Subradiant Dark Modes in Extraordinary Light Transmission Phenomena. In our experimental measurements ( Fig. 2A) , multiple extraordinary light transmission resonances are observed with the creation of surface-plasmon polaritons (SPP) corresponding to the different grating orders. For a square lattice, the momentum matching condition between the in-plane wave-vectors of the incident photons and the surface-plasmon polaritons is fulfilled when the Bragg coupling condition~k SP ¼~k x AE iG x AE jG y is met (31) . Here~k sp is the surface-plasmon wavecetor,~k x incident-light wave vector in-x direction (parallel to the metal surface), θ is the angle of incidence to the surface normal, ði;jÞ is the grating order for reciprocal lattice vectorG x andG y of the square lattice (jG x j ¼ jG y j ¼ 2π∕p, p is the periodicity). The wave-vector relation for the SPPs, within a first approximation, can be given as
where ω is the frequency of the incident light and ε m ∕ε d is the dielectric constant of the metal/ interface-medium. Fig. 2B shows the spectral dispersion of transmission minima as a function of the angle of incidence for different grating orders. This diagram also provides a qualitative guide for the dispersive behavior of the resonant transmission maxima (31, 32) . At normal incidence, the transmission resonances corresponding to ð0; AE 1Þ, ðþ1;0Þ and ð−1;0Þ grating orders at the metal/air interface are nearly degenerate and polarization independent (Fig. 2B) . The dispersion of the modes with the varying angles of incidence is due to the changing horizontal projection of the incident wavevector (~k x ). As shown in Fig. 2B , the ð0; AE 1Þ modes have minimal dispersions for small angles of incidence, because~k x andG y are perpendicular to each other. Dispersions of the ðAE1;0Þ modes are quite large, because~k x andG x are parallel. Fig. 2C cidence. For perpendicularly incident light (θ ¼ 0°), ð0; AE 1Þ and ðþ1;0Þ modes are subradiant as shown in Fig. 2C (black curve); i.e., they are weakly coupled to continuum. The ð−1;0Þ mode, on the other hand, is superradiant; i.e., it is strongly coupled to continuum and radiative. When illuminated at a nonperpendicular incidence angle (θ ≠ 0°), the retardation effects (field gradient created along the surface) allows coupling of the incident light to ð0; AE 1Þ and ðþ1;0Þ dark modes (Fig. 2C ). In our experimental measurements ( Fig. 2A) , splitting of these dark modes become observable at an angle of incidence θ ≥ 1°as confirmed by our FDTD simulations ( Fig. 2A, dashed line) . In agreement with the analytical predictions, ðþ1;0Þ modes show strong dependence to the angular incidence, whereas the ð0; AE 1Þ modes are nearly independent and degenerate ( Fig. 2C ). For angles of incidence θ ≥ 2°, continuum coupling to the ðþ1;0Þ mode becomes stronger leading to broader resonances and stronger spectral overlap with the ð0; AE 1Þ modes. For angles of incidence θ ≥ 6°, the ð0; AE 1Þ modes becomes dark again. There exists a critical optical regime (angular incidence of θ ≈ 1°) where the spectral overlap of the ðþ1;0Þ and ð0; AE 1Þ dark modes is small, whereas the incident light coupling to them is strong enough to allow modest light transmissions. By maintaining such alignment requirements, one can directly couple incident light to the spectrally narrow subradiant dark resonances. These experimentally observed features are explained in SI Text using leaky eigen-modes (Fig. S1 in SI Text).
Subradiant Plasmonic Resonances at the Drude Damping Limit. Subradiant nature of the ð0; AE 1Þ and ðþ1;0Þ modes can be understood from the near-field characteristics of the surface plasmons at the air/metal interface (33, 34) . H y field profile of the SPP ð−1;0Þ mode for TM-polarized incident light (x-polarized) is shown in Fig. 3A . The standing field pattern (x-direction) in the background is due to the SPP excitations, whereas the enhanced hot spots around the rims of the nanoholes in the form a magnetic dipole are due to excitation of the localized surface plasmons (LSPs) (35) . Near-field intensities of these local excitations dictate the coupling efficiency of the incident light to the Bloch mode of the nanohole openings, thus the strength of the resonant transmission (35) . For the ð−1;0Þ mode, these local excitations have a dipolar mode character (Fig. 3E) , which allows strong coupling of the incident light to the LSPs and leads to enhanced light transmissions in agreement with the experimental observations (Fig. 2) . As shown in Fig. 3B , resonance transmission minimum responsible from the spectral Fano line-shape is due to the nearly null-field profile of the SPP excitation at the nanohole openings. This null pattern relates two fundamental observations: (i) weak coupling of the incident light to the Bloch mode of the nanohole openings leads to transmission minimum (Fig. 3F); (ii) SPP dispersion relations are minimally affected by the lower air-hole conductivities at the resonance minimum due to the negligible overlap of the SPP with the holes (36) . Hence, the resonance minima are observed when the Bragg condition corresponding to the excitation of SPPs on a flat unperturbated surface is met (36) . As shown in Fig. 2C (black curve), ð0; AE 1Þ and ðþ1;0Þ modes are subradiant for the perpendicularly incident light; i.e., radiative couplings are minimal. However, for incident light impinging with a small angle of incidence to the normal (θ ≈ 1°), the introduced field gradient (retardation effects) enables coupling of the dipolar incident field to the dark modes that have no net-dipole moments ( Fig. 3 C and D) . Field profiles of the ð0; AE 1Þ and ðþ1;0Þ dark modes confirming their quadrupole and monopole character are given in Fig. 3 G and H, respectively. As a result, additional transmission peaks appear for nonperpendicularly incident light as confirmed by the experimental measurements (Fig. 2C) . Unlike previous studies based on nanoparticles and metamaterials, the spectral overlap of the dipolar superradiant ð−1;0Þ mode to monopolar/multipolar subradiant ðþ1;0Þ∕ð0; AE 1Þ modes is minimal ( Fig. 2A) . In other words, in-direct coupling of the incident light to the subradiant modes through the superradiant mode is negligible (Fig. 3 G and H) . This leads high-quality factor (Q sub ð0;AE1Þ ≈ 100 and Q sub ðþ1;0Þ ≈ 200) resonances. Close agreement with the experimental measurements and the numerical simulations is observed ( Fig. 2A) without employing any enhanced damping constants for the thin gold films.
Ultrasensitive Plasmonic Nanosensors. Intrinsic detection limits of the resonance based biosensors are dictated by the spectral linewidths of the resonances and the refractive index sensitivities of the resonance wavelengths (17) . In Fig. 4 , refractive index sensitivities are obtained using NaCl solutions (Sigma-Aldrich 99.5%) at varying concentrations (5%, 10%, 15%, 20%) in deionized (DI) water with the corresponding refractive indices (1,3418, 1.3505, 1.3594, 1.3684) obtained at room temperature. As shown in Fig. 4A , Inset, the plasmonic resonances are fitted to an analytical Fano interference model (32) given as
where Δε ν ¼ 2ℏðω − ω ν Þ∕Γ ν , T 0 is the transmission offset, A is the continuum-discrete coupling constant, ω ν is the resonant frequency, Γ ν is the full width at half maximum (FWHM) of the resonance and q ν is the Breit-Wigner-Fano parameter determining asymmetry of the resonance profile for the νth resonance state. Experimentally obtained sensor parameters are summarized in Table S1 (SI Text). Interferometric LIFE-lithography of plasmonic nanostructures is shown to yield wafer-scale fabrication of nanohole sensors with the similar optical qualities of the EBL fabricated ones (Fig. S2 in SI Text) . Refractive index sensitivities as high as 717 nm are obtained (Fig. 4C) . Remarkably narrow plasmonic resonances with 4.29 nm (Q sub ðþ1;0Þ ¼ 196.9) are shown in solution (DI water with 10% NaCl). Overall performances of the biosensors are often quantified by a general figure of merit FOM E ¼ S i;j ðeV RIU −1 Þ∕Γ ν ðeVÞ in energy units, which is the refractive index sensitivity S i;j ðeV RIU −1 Þ of the resonance frequency divided by the resonance width Γ ν ðeVÞ of the plasmonic resonance (17) . This quantity is widely accepted as a proper measure for the performance of plasmonic biosensors based on localized and extended surface plasmons (17, 21, 37, 38) . In accordance with the observed spectrally narrow resonances, experimental FOM E s as high as 144.28 are obtained for the subradiant ðþ1;0Þ mode (see Table S1 ), a record high figure showing an order of magnitude improvement over the reported values for plasmonic sensor based on nanoparticles and metamaterials (21, 37, 39) . Due to high optical quality of the fabricated devices enabled by LIFE lithography, even the superradiant ð−1;0Þ modes are shown to have record high experimental figures of merit (FOM E ≈ 43) (38) .
Surpassing the Detection Limits of Gold Standard SPR Sensors. Prism coupled surface plasmon resonance (SPR) sensing is the gold standard technique for real-time, label-free measurement of biomolecular interactions, and plays an important role in drug discovery and biomedical research (25) . Any alternative modality must be advantageous in its intrinsic detection limits. Nanohole based plasmonic sensors have recently taken much interest due to their ultrasmall interrogation volumes and (near) collinear illumination settings. Normal excitation of SPPs by grating-coupling in nanohole arrays holds the promise for massive multiplexing. However, plasmonic nanohole sensors have not been widely adapted as a result of broader resonance line-widths and lower spectral resolutions due to larger radiative losses. The widely adapted metric for the intrinsic resolving power of the prism coupled SPR sensors is the figure of merit FOM ¼ S i;j ðnm RIU −1 Þ∕Γ ν ðnmÞ in wavelengths units, defined as the refractive index sensitivity S i;j ðnm RIU −1 Þ of the resonance frequency divided by the spectral width Γ ν ðnmÞ of the resonance. As listed in Table S1, (25, 26) as well as nearly an order of magnitude larger than the previously reported record high FOMs in nanohole sensors using perpendicularly incident light (38) .
Seeing Biomolecular Monolayers with Naked Eye. State-of-art detection platforms require mechanical or light isolation as well as expensive detection instrumentation for signal transduction. In our sensing platform, the superradiant modes ð−1;0Þ have strong coupling to the dipolar incident light leading to extraordinary light transmission. This strong signal could be easily detected by eye and discernible in ordinary laboratory conditions without any mechanical/light isolation. An experimental demonstration of this with end-point measurements is summarized in Fig. 5 . Initially the surfaces are activated and functionalized using a scheme summarized in an earlier study (27) . Protein A/G (Pierce) is chosen as the capturing molecule due to its high affinity to IgG immunoglobulins. Blue curve in Fig. 5B shows the transmission spectra of a functionalized biosensor acquired from a nanohole array of 90 μm × 90 μm in dimensions. A notch filter (FWHM≈ 10 nm) spectrally tuned to the plasmonic resonances peak is used to filter the light outside resonant transmission peak of the bright ð−1;0Þ mode (black curve in Fig. 4B ). CCD images of the transmitted light are shown in Fig. 5A , in addition to images obtained from an unfunctionalized control sensor. As shown in Fig. 5B , capturing of a single monolayer of mouse IgG antibody (SigmaAldrich) causes 22 nm red shifting of the plasmonic resonance. This resonance shift is large enough to cause spectral overlapping of the transmission minima (Wood's anomaly) of the nanohole array with the transmission window of the notch filter (Fig. 5C ). Accordingly, a dramatic reduction in transmitted light intensities is observed after the capturing of a monolayer of the antibody. This intensity change is strong enough to discern with naked eye in ordinary laboratory settings (Fig. 5A) . For the control sensors (Fig. 5C ), spectral shift is minimal due to nonspecific bindings causing negligible change in the transmitted light intensities (27) . This detection scheme, not requiring dark-environment measurements, utilizes broad-band light sources allowing direct detection with human eye without any safety concerns. The transmitted light spectrum through the superradiant modes is dependent on the angle of incidence (Fig. 2C) . As a result, the proposed detection scheme could be implemented by utilizing nearly collimated light obtained from an integrated light emitting diode for user independent measurements. Sensing surfaces employing gold are inert to the environment. No degradation of device characteristics (Q-factors and FOMs) is observed over extended periods of time. Antibodies functionalized on the device surfaces are observed to be stable without any sign of significant denaturalization up to 10 days at ordinary storage conditions for biomolecules.
Conclusions
We introduced an ultrasensitive label-free biodetection technique based on Fano resonances in plasmonic nanohole devices. By utilizing spectrally sharp extraordinary light transmissions through subradiant dark modes, we showed record high experimental figures of merit (FOMs as high as 162) for detection limits surpassing that of the gold standard prism coupled surface plasmon sensors. To achieve this, we developed a high-throughput LIFE nanolithography technique leading to spectrally narrow subradiant dark resonances (FWHM of ≤4.26 nm) with nearly complete suppression of the radiative losses and highquality factors (Q sub ðþ1;0Þ ≈ 200). We also demonstrated direct detection of a monolayer of antibodies with naked eye by exploiting strongly dispersive plasmonic Fano resonances and the associated Wood's anomalies. The demonstrated label-free sensing platform offers unique opportunities for detection of biologically important molecules and pathogens in resource poor settings by eliminating the need for labeling and optical detection instruments as well as mechanical/light isolation.
Materials and Methods
LIFE Lithography. Nanohole devices were fabricated in a lift-off free manner on suspended SiN x membranes by using a single layer deposition process as described in SI Text.
Spectral Measurements. All spectral data were obtained using a Nicon EclipseTi microscope coupled to a SpectraPro 500i spectrometer and a Princeton Instruments Acton CCD camera. 
